1. Introduction {#sec1}
===============

Although many plants have evolved various strategies to cope with arid conditions, drought remains one of the most severe abiotic stresses for plants ([@bib32], [@bib43], [@bib17], [@bib8], [@bib33], [@bib35], [@bib42]). Drought stress can affect plant growth, inhibit the productivity of plant populations or communities, and even cause plant death and vegetation degradation ([@bib50], [@bib2]). In the Tibetan Plateau, plants are faced with drought conditions. Because of the characteristics of atmospheric circulation and the special terrain, there is a marked decrease in precipitation from east to west in the Tibetan Plateau ([@bib19], [@bib41]). Thus, plants distributed in different areas are subjected to diverse water conditions. Because global climate change can cause temporal and spatial changes of precipitation ([@bib54]), such change may indirectly exacerbate the severity of drought in some regions of the Tibetan Plateau, which is considered one of the most sensitive areas to global climate change ([@bib7], [@bib45]). The dominant species of the alpine steppe, *Stipa purpurea*, is widely distributed across this large water gradient. This indicates *S. purpurea* can adapt to a wide range of water conditions. However, because of global warming and human activities, grassland degradation processes such as desertification continue to intensify ([@bib6]). Severely or extremely degraded grasslands need artificial grass for recovery ([@bib13]). One of the keys to grassland recovery is overcoming the water problem. To solve this problem, we first need to understand the responses or adaptive mechanisms of *S. purpurea* to drought environments.

In recent years, several studies have focused on the interactions between *S. purpurea* and drought. [@bib49] first studied the morphological and structural differences, physiological and biochemical changes, and transcriptional differentiation of five natural *S. purpurea* populations. Their results showed that *S. purpurea* had developed a series of adaptive characteristics including thickened cell walls in roots, diminished stomata and increased production of resistance-related substances and expression of genes to cope with increasing drought. To exclude the interference of other environmental factors, [@bib48] studied the responses of *S. purpurea* from the same population to different drought degrees in the greenhouse through physiological, biochemical and proteomics approaches. The results showed that an increase in betaine, soluble sugar and abscisic acid, and an up-regulation of several groups of proteins such as antioxidant enzymes and heat shock proteins (HSPs) played an important role in the *S. purpurea* response to drought treatment. Without doubt, these findings greatly improved our understanding of the *S. purpurea* response to drought conditions. However, because *S. purpurea* is widely distributed across the Tibetan Plateau, the ability of different populations to resist drought may have diverged. We assumed that *S. purpurea* from more arid regions were more resistant to drought stress. Our recent study verified this hypothesis, in which *S. purpurea* from a western population were more resistant to drought than those from an eastern population ([@bib25]). The results suggested that several closely-related drought-responsive genes were involved in the *S. purpurea* response to drought stress ([@bib25]). After our previous study, we wanted to know how *S. purpurea* responds to drought stress at a molecular level and what molecular mechanisms underlie drought resistance differences among populations. In the present study, we used a comparative proteomics approach to identify putative protein classes involved in drought stress response in two *S. purpurea* populations. This study provides more information about the interaction between *S. purpurea* and drought environments, which is the theoretical basis for the protection and restoration of alpine steppe in the Tibetan Plateau.

2. Materials and methods {#sec2}
========================

2.1. Seed collection and seedling breeding {#sec2.1}
------------------------------------------

Mature *S. purpurea* seeds were collected in August 2013 at the time of seed release ([@bib36]) from two populations of western Gar County (GR) and eastern Nagqu County (NQ) in the Tibetan Plateau ([Fig 1](#fig1){ref-type="fig"}). After being brought to the laboratory, the seeds were dried under constant conditions at 15 °C and 15% air humidity for 1 wk.Fig. 1Geographical location of the two seed collection sites on a precipitation distribution map.

Mature seeds of the two populations were chosen randomly and the seed awns were removed. The seeds were then sown in flowerpots (*d* = 9.4 cm, *h* = 8 cm) with equal amounts of humus soil, and about 0.5 cm of covering soil. Each pot was sown with 30 seeds, and 120 pots were prepared for each population. The samples were first sufficiently watered and then placed in a greenhouse (12-h light/12-h dark cycle; 28 °C/20 °C, day/night; 40%--60% air humidity). Every day at 17:00, when the soil moisture content (SMC) had decreased by approximately 50%, each flowerpot was watered with 15 mL water to keep the SMC constant.

2.2. Drought treatment {#sec2.2}
----------------------

When they reached the trefoil stage (about 3 wk growth), the plants of each population were treated with two stages of drought. Water was withheld from half of the seedlings of each population for 7 d and then they were re-watered for another 7 d, during which the seedlings were fully watered once initially and then watered with 15 mL water each day when the SMC was about 50%. Water was withheld from the remaining seedlings for 14 d (the plants of one population showed apparent death), and then they were re-watered for another 14 d. The samples (flag leaves) under drought for 0, 7, and 14 d and rehydration for 7 and 14 d were collected for subsequent measurements. Specifically, the samples (flag leaves) under drought for 0 and 7 d and rehydration for 7 d were collected for protein extraction and isobaric tag for relative and absolute quantitation (iTRAQ) analysis.

2.3. Morphological changes {#sec2.3}
--------------------------

The seedlings were photographed at each sampling time, and plant mortality in the two populations was recorded when the seedlings were re-watered for 7 or 14 d.

2.4. Leaf water content measurement {#sec2.4}
-----------------------------------

The relative water content (RWC) of the leaves was determined as: RWC = \[Fresh weight − Dry weight (DW)\]/(Turgid weight − DW). To measure turgid weight, leaves were kept in distilled water in darkness at 4 °C to minimize respiration losses until they reached a constant weight ([@bib38]). The DW of leaves was determined after 48 h at 70 °C in an air oven ([@bib38]). Three biological replicates were performed for the measurement.

2.5. Analysis of chlorophyll fluorescence {#sec2.5}
-----------------------------------------

Chlorophyll fluorescence was measured as previously described ([@bib4]), using a pulse-amplitude modulation chlorophyll fluorometer (Heinz Walz GmbH, Effeltrich, Germany). Briefly, *S. purpurea* seedlings were dark-adapted for 30 min at the time of sampling to measure the maximum quantum yield of photosystem II (PS II; *F*v/*F*m). The maximum fluorescence (*F*m) was recorded by a 0.8 s pulsed light at 8000 μmol s^−1^ m^−2^, and minimal fluorescence was recorded during the weak measuring pulses. Three biological replicates were performed for the measurement.

2.6. Protein extraction {#sec2.6}
-----------------------

Protein extraction was performed using TRIzol reagent as previously described ([@bib51]). Briefly, approximately 1 g of fresh leaves was chopped with 5 mL TRIzol for 5 min. Next, 1 mL chloroform was added and the mixture was allowed to stand at −20 °C for 5 min. Following centrifugation at 4 °C and 12 000 × *g* for 10 min, the supernatant was removed. The lower phase was then mixed with isometric isopropanol and allowed to stand at −20 °C for 2 h. Next, the mixture was centrifuged at 4 °C and 12 000 × *g* for 10 min, after which the supernatant was removed. The precipitate was then washed three times with isopropanol and dried at room temperature, after which it was dissolved in lysate \[8 M urea, 2 M thiourea, 4% CHAPS and 60 mM DTT\] for 1 h with intermittent shaking.

2.7. iTRAQ analysis {#sec2.7}
-------------------

iTRAQ analysis was performed as previously described ([@bib20]). Briefly, all samples containing 75 mg protein were prepared for iTRAQ labeling. Six groups of replicate samples, consisting of three groups of *S. purpurea* samples from the GR population (i.e., GR-C, GR-D, and GR-R) and three groups of *S. purpurea* samples from the NQ population (i.e., NQ-C, NQ-D, and NQ-R) were used, and each replicate group consisted of three samples; thus, at least 18 samples were required for labeling. The pelleted protein was first dissolved in 1% SDS and 100 mM triethylammonium bicarbonate (pH 8.5), and then successively subjected to reduction, alkylation, trypsin digestion, and labeling with 8-pl ex iTRAQ reagent kits, based on the manufacturer\'s instructions (AB Sciex, USA). After labeling, the samples were combined and lyophilized, and the peptide mixture was dissolved in strong cation exchange solvent A (25% acetonitrile, 10 mM ammonium formate, pH 2.8). The peptides were fractionated on an Agilent HPLC system 1100 with a polysulfoethyl A column (2.1 mm × 100 mm, 5 μm, 300 A, PolyLC, Columbia, MD, USA). The peptides were eluted at a ﬂow rate of 200 μL/min with a linear gradient of 0--20% solvent B (25% acetonitrile, 500 mM ammonium formate) over 50 min, and then were ramped up to 100% solvent B in 5 min and held for 10 min. The absorbance at 214 nm was monitored, and 12 fractions were collected. Each strong cation exchange fraction was lyophilized and dissolved in solvent A (3% acetonitrile, 0.1% formic acid), and submitted for analysis with a Q-Exactive Hybrid Quadrupole-Orbitrap mass spectrometer (Thermo Finnigan Scientiﬁc, San Jose, CA, USA). The samples were separated on a Hypersil Gold C18 column (100 mm × 2.1 mm, 1.9 μm) (Thermo Fisher Scientiﬁc, Pittsburgh, PA, USA). The peptides were eluted with a linear gradient of acetonitrile/0.1% formic acid from 3 to 50% in 90 min at a ﬂow rate of 250 nL/min, and then sprayed into the oriﬁce of the Q-Exactive MS/MS system with a spray voltage of 2.2 kV. Full-scan mass spectra were recorded over 200--1800 m/z at high resolution at 60 000. At least the four most intense precursor ions were selected for collision-induced fragmentation in the linear ion trap with 50--2000 m/z and 30--2000 ms at a resolution of 7500. Dynamic exclusion was employed within 40 s to prevent repetition.

2.8. Protein identification {#sec2.8}
---------------------------

Mascot 2.3.02 was used for protein identification based on the protein database (including 42,809 sequences) that was sequenced, assembled and translated from the transcriptome. The mass spectrometry results were submitted to Mascot, the database was selected, and then the database search was performed according to the parameters shown in [Supplementary Table S1](#appsec1){ref-type="sec"}.

2.9. Analysis of differentially expressed proteins {#sec2.9}
--------------------------------------------------

Abundance changes of 1.50- or 0.67-fold were used as criteria to indicate up-regulation or down-regulation of proteins, and *P* \< 0.05 was used to indicate significance. We counted and analyzed the differential proteins of the two *S. purpurea* populations during the drought and recovery treatments compared with their respective controls, as well as the differentially expressed proteins between the controls of the two populations.

2.10. Statistical analysis {#sec2.10}
--------------------------

Statistical analyses were performed using SPSS version 18.0. One-way ANOVA was used to identify differences among treatments (*P* \< 0.05).

3. Results {#sec3}
==========

3.1. Drought resistant traits in two populations of *S. purpurea* {#sec3.1}
-----------------------------------------------------------------

To examine drought resistance differences in two populations of *S. purpurea*, we measured mortality rate and relative water content (RWC) of seedlings after two stages of drought stress followed by subsequent re-watering. When treated with drought for 7 d, no significant changes in morphology were observed between the two *S. purpurea* populations ([Fig. 2](#fig2){ref-type="fig"}A), but after re-watering, some plants of both populations began to die ([Fig. 2](#fig2){ref-type="fig"}A), with mortality rates of 11.6% in GR and 19.6% in NQ plants ([Fig. 2](#fig2){ref-type="fig"}C). However, after 14-d drought treatment, the plants of both *S. purpurea* populations exhibited withering, with a more pronounced change in the NQ population ([Fig. 2](#fig2){ref-type="fig"}A). When re-watered for 14 d, only some plants of the GR population (30.3%) died, whereas most plants of the NQ population (84.1%) died ([Fig. 2](#fig2){ref-type="fig"}C). These morphological changes directly demonstrated that *S. purpurea* from the GR population were more resistant to drought stress than those from the NQ population.Fig. 2Effects of drought and subsequent recovery on morphology, relative water content and mortality of *S. purpurea* from two sites. **(A)** Changes in plant morphology. **(B)** Changes in relative water content of leaves. Error bars indicate SE. Means denoted by different letters are significantly different (*P* \< 0.05). **(C)** Changes of plant mortality rate. Error bars indicate SE. Means denoted by different letters are significantly different (*P* \< 0.05).

When subjected to drought for 7 d, the leaf relative water content (RWC) of *S. purpurea* from GR and NQ declined from 84.5% to 85.9%--75.1% and 52.8%, respectively, with a significant difference between the two populations ([Fig. 2](#fig2){ref-type="fig"}B). After re-watering for 7 d, the leaf RWC of GR and NQ returned to 79.9% and 74.0%, respectively ([Fig. 2](#fig2){ref-type="fig"}B). After 14-d treatment, the leaf RWC of GR and NQ was reduced to 25.9% and 10.1%, respectively, with a significant difference between the two populations ([Fig. 2](#fig2){ref-type="fig"}B). When re-watered for 14 d, the leaf RWC of GR returned to 51.5% while that of NQ reached 27.6% ([Fig. 2](#fig2){ref-type="fig"}B). These differences in leaf water retention and rehydration capacity also showed that the drought resistance of *S. purpurea* from GR was stronger than that of *S. purpurea* from NQ.

3.2. Physiological changes after drought treatments between the two *S. purpurea* populations {#sec3.2}
---------------------------------------------------------------------------------------------

We then compared changes in chlorophyll fluorescence to show the effect of drought stress on the physiological activity of *S. purpurea*. The two populations exhibited different responses during the drought and recovery treatments ([Fig. 3](#fig3){ref-type="fig"}A). Drought stress for 7 d significantly decreased the *F*v/*F*m of *S. purpurea* from NQ, whereas the *F*v/*F*m remained high in *S. purpurea* from GR ([Fig. 3](#fig3){ref-type="fig"}B). After recovery for 7 d with re-watering, the *F*v/*F*m values of GR and NQ plants returned to 0.81 and 0.79, respectively ([Fig. 3](#fig3){ref-type="fig"}B). After 14-d drought stress, the *F*v/*F*m values of GR and NQ plants were reduced to 0.67 and 0.12, respectively, with a significant difference between the two populations ([Fig. 3](#fig3){ref-type="fig"}B). After re-watering for 14 d, the *F*v/*F*m ratio for plants from GR returned to 0.71, whereas the *F*v/*F*m ratio increased to only 0.15 in plants from NQ ([Fig. 3](#fig3){ref-type="fig"}B). These results further indicated *S. purpurea* from GR were more resistant to drought stress than plants from NQ.Fig. 3Effects of drought and subsequent recovery on chlorophyll fluorescence of *S. purpurea* from two sites. **(A)** Change of chlorophyll fluorescence. The pseudocolor code depicted at the bottom of the image ranges from 0 (red) to 1.0 (purple). **(B)** Changes of Fv/Fm values. Fv/Fm was determined for whole plants. Error bars indicate SE. Means denoted by different letters are significantly different (*P* \< 0.05).

3.3. Identification of proteins by mass spectrometry {#sec3.3}
----------------------------------------------------

In our study, a total of 182,208 peptides were detected, 10,162 peptides were identified, and 3235 proteins were ultimately determined ([Supplementary Fig. S1](#appsec1){ref-type="sec"}).

3.4. Inherently differentially expressed proteins between the two *S. purpurea* populations {#sec3.4}
-------------------------------------------------------------------------------------------

To explore the underlying mechanisms of drought resistance in *S. purpurea* from GR, we first examined differential protein expression between GR and NQ populations of *S. purpurea* under control conditions. We called the proteins that showed differential expression between the controls inherently differentially expressed proteins. A total of 117 inherently differentially expressed proteins were detected between the two *S. purpurea* populations, with 56 proteins showing higher abundance and 61 showing lower abundance in GR compared with NQ *S. purpurea* ([Supplementary Fig. S2A](#appsec1){ref-type="sec"}, [Supplementary Tables S2 and S3](#appsec1){ref-type="sec"}). Among the identified proteins with higher expression in GR plants, 28 were not responsive to drought stress ([Supplementary Fig. S2B](#appsec1){ref-type="sec"} and [Table 1](#tbl1){ref-type="table"}). Of the remaining, expression of 20 proteins from GR (14 up-regulated and 6 down-regulated) and 9 proteins from NQ (3 up-regulated and 6 down-regulated) were altered under drought stress ([Supplementary Fig. S2B](#appsec1){ref-type="sec"}). Similarly, among the identified proteins with higher expression in NQ plants, 35 were not responsive to drought stress ([Supplementary Fig. S2B](#appsec1){ref-type="sec"} and [Table 2](#tbl2){ref-type="table"}), while 19 (17 up-regulated and 2 down-regulated) and 10 proteins (6 up-regulated and 4 down-regulated) were differentially expressed in the GR and NQ populations, respectively, during the drought treatment ([Supplementary Fig. S2B](#appsec1){ref-type="sec"}).Table 1Proteins with inherently differential expression that were not responsive to drought stress with higher expression in the *S. purpurea* from GR. The letters correspond to the protein functional categories shown as follows: B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; H, energy production and conversion; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; Y, others.Protein accessionFold change\
GR-C/NQ-CScoreDescriptionSpeciesFunctional category[P82659](ncbi-p:P82659){#intref0015}2.2675Defensin SD2*Helianthus annuus*T[Q9ZP21](ncbi-p:Q9ZP21){#intref0020}1.521927Thioredoxin M-type, chloroplastic*Aegilops tauschii*O[Q9LEH3](ncbi-p:Q9LEH3){#intref0025}1.74759peroxidase 54-like*Brachypodium distachyon*B[O04066](ncbi-p:O04066){#intref0030}1.66138Acyl-CoA-binding protein*Ricinus communis*E[P51414](ncbi-p:P51414){#intref0035}1.7539560S ribosomal protein L26-1-like*Setaria italica*S[Q67YC9](ncbi-p:Q67YC9){#intref0040}1.62225Uncharacterized protein At4g14100*Arabidopsis thaliana*Y[P36213](ncbi-p:P36213){#intref0045}2.14144Photosystem I reaction center subunit II*Zea mays*P[Q7XKD0](ncbi-p:Q7XKD0){#intref0050}1.56235Thioredoxin X, chloroplastic*Oryza sativa* subsp. *japonica*O[Q9SJ12](ncbi-p:Q9SJ12){#intref0055}2.01547Mitochondrial ATP synthase precursor*Triticum aestivum*H[Q9CAB7](ncbi-p:Q9CAB7){#intref0060}3.7299Peroxygenase*Arabidopsis thaliana*T[P93788](ncbi-p:P93788){#intref0065}2.21209Remorin-like isoform 1*Brachypodium distachyon*T[Q0JPA6](ncbi-p:Q0JPA6){#intref0070}1.7295Salt stress root protein RS1*Oryza sativa* subsp. *japonica*T[P93447](ncbi-p:P93447){#intref0075}2.46379Elongation factor 1-delta 1-like*Brachypodium distachyon*E[P13240](ncbi-p:P13240){#intref0080}4.6188Disease resistance response protein 206-like*Setaria italica*T[Q9LEV3](ncbi-p:Q9LEV3){#intref0085}2.08395CBS domain-containing protein CBSX3, mitochondrial-like*Brachypodium distachyon*C[P21569](ncbi-p:P21569){#intref0090}1.68792Cyclophilin*Triticum aestivum*R[P21569](ncbi-p:P21569){#intref0095}1.89507CYCLOPHILIN 1*Oryza brachyantha*R[Q96520](ncbi-p:Q96520){#intref0100}2.13690Cationic peroxidase SPC4-like isoform X2*Setaria italica*B[P84516](ncbi-p:P84516){#intref0105}2.02137Peroxidase 12 precursor*Zea mays*B[P93303](ncbi-p:P93303){#intref0110}6.1771ATPase subunit 8*Sorghum bicolor*H[P12331](ncbi-p:P12331){#intref0115}1.62615Chlorophyll a-b binding protein 2*Zea mays*P[Q9XF89](ncbi-p:Q9XF89){#intref0120}1.53746Chlorophyll a/b-binding apoprotein CP26 precursor*Zea mays*P[P40880](ncbi-p:P40880){#intref0125}2.28591Carbonic anhydrase, chloroplastic*Hordeum vulgare*D[P52758](ncbi-p:P52758){#intref0130}2.15104Ribonuclease UK114-like*Setaria italica*N[Q8S0J7](ncbi-p:Q8S0J7){#intref0135}2.281257Membrane-associated 30 kDa protein, chloroplastic-like*Brachypodium distachyon*M[P41344](ncbi-p:P41344){#intref0140}1.615064Ferredoxin\--NADP reductase, leaf isozyme, chloroplastic-like*Brachypodium distachyon*P[Q7F8S5](ncbi-p:Q7F8S5){#intref0145}1.881320Peroxiredoxin-2E-2, chloroplastic-like*Brachypodium distachyon*Bgi\|4755270991.86646Heat shock cognate 70 kDa protein 1*Aegilops tauschii*TTable 2Proteins with inherently differential expression that were not responsive to drought stress with higher expression in the *S. purpurea* from NQ. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; Y, others.Protein accessionFold change\
GR-C/NQ-CScoreDescriptionSpeciesFunctional category[Q93VR4](ncbi-p:Q93VR4){#intref0150}0.66440Salt tolerant protein*Triticum aestivum*T[P14009](ncbi-p:P14009){#intref0155}0.6362014 kDa proline-rich protein*Daucus carota*R[Q8LQ68](ncbi-p:Q8LQ68){#intref0160}0.54158Hexokinase-6-like*Setaria italica*D[P20143](ncbi-p:P20143){#intref0165}0.42468Photosystem I reaction center subunit VI, chloroplastic-like*Solanum lycopersicum*P[Q9M573](ncbi-p:Q9M573){#intref0170}0.628760S ribosomal protein L31-like isoform 1*Brachypodium distachyon*SB1XL180.52362Trigger factor*Aegilops tauschii*F[Q84MP7](ncbi-p:Q84MP7){#intref0175}0.61107Histone H2A*Medicago truncatula*G[Q03958](ncbi-p:Q03958){#intref0180}0.65113Prefoldin, chaperonin cofactor*Oryza sativa Japonica Group*Y[P12783](ncbi-p:P12783){#intref0185}0.64579Phosphoglycerate kinase, cytosolic-like*Setaria italica*KA2Y7200.64916Group 3 late embryogenesis abundant protein*Triticum aestivum*T[Q8L803](ncbi-p:Q8L803){#intref0190}0.3671950S ribosomal protein L9, chloroplastic-like isoform 1*Brachypodium distachyon*S[P42798](ncbi-p:P42798){#intref0195}0.5146140S ribosomal protein S15a-1-like*Brachypodium distachyon*S[P36213](ncbi-p:P36213){#intref0200}0.661871Oryza sativa Japonica Group*photosystem I subunit II*P[P19683](ncbi-p:P19683){#intref0205}0.4784731 kDa ribonucleoprotein, chloroplastic-like isoform 1*Brachypodium distachyon*E[Q43312](ncbi-p:Q43312){#intref0210}0.59162Protein H2A.7-like isoform 2*Glycine max*G[Q07300](ncbi-p:Q07300){#intref0215}0.66556ATP synthase delta chain, chloroplastic-like*Brachypodium distachyon*H[Q0JPA6](ncbi-p:Q0JPA6){#intref0220}0.5676DREPP4 protein*Zea mays*T[P46485](ncbi-p:P46485){#intref0225}0.6033Glycine cleavage system H protein, mitochondrial*Flaveria trinervia*A[Q7TP48](ncbi-p:Q7TP48){#intref0230}0.60324Adipocyte plasma membrane-associated protein-like*Brachypodium distachyon*M[Q949H0](ncbi-p:Q949H0){#intref0235}0.53646Ribosomal protein S7*Triticum aestivum*S[P50162](ncbi-p:P50162){#intref0240}0.5972Tropinone reductase 1-like*Brachypodium distachyon*O[P27521](ncbi-p:P27521){#intref0245}0.33575Chlorophyll a-b binding protein 4, chloroplastic-like*Brachypodium distachyon*P[Q06030](ncbi-p:Q06030){#intref0250}0.6134150S ribosomal protein L12, chloroplastic-like*Setaria italica*S[P46274](ncbi-p:P46274){#intref0255}0.62669Mitochondrial outer membrane porin-like*Brachypodium distachyon*M[Q10HD0](ncbi-p:Q10HD0){#intref0260}0.57975Chlorophyll a-b binding protein, chloroplastic-like*Setaria italica*P[Q8S9M1](ncbi-p:Q8S9M1){#intref0265}0.56177plastid-lipid-associated protein 13, chloroplastic*Arabidopsis thaliana*LA5H4520.55670Pox1*Triticum aestivum*B[Q948T6](ncbi-p:Q948T6){#intref0270}0.481013Lactoylglutathione lyase*Triticum urartu*B[P55142](ncbi-p:P55142){#intref0275}0.21323Glutaredoxin-C6-like*Brachypodium distachyon*O[Q6L500](ncbi-p:Q6L500){#intref0280}0.60167Protein H2A.6*Aegilops tauschii*G[Q06396](ncbi-p:Q06396){#intref0285}0.55582ADP-ribosylation factor 1-like isoform 1*Fragaria vesca* subsp. *vesca*N[Q40977](ncbi-p:Q40977){#intref0290}0.64552Monodehydroascorbate reductase*Pisum sativum*B[P18566](ncbi-p:P18566){#intref0295}0.531394Ribulose bisphosphate carboxylase small chain A, chloroplastic*Oryza sativa* subsp. *japonica*D[Q8LE52](ncbi-p:Q8LE52){#intref0300}0.65308Glutathione S-transferase DHAR3, chloroplastic-like*Brachypodium distachyon*B[P35685](ncbi-p:P35685){#intref0305}0.5044860S ribosomal protein*Oryza sativa* subsp. *japonica*S

The inherently differentially expressed proteins with higher expression in *S. purpurea* from GR were divided into 17 categories based on their functions ([Fig. 4](#fig4){ref-type="fig"}A). Most of these proteins were involved in photosynthesis, protein synthesis and transport, the antioxidant system, stress response, and energy production and conversion ([Fig. 4](#fig4){ref-type="fig"}A and [Supplementary Table S2](#appsec1){ref-type="sec"}). Among them, the drought-nonresponsive proteins were divided into 13 functional categories, including stress response, antioxidant system, and photosynthesis ([Fig. 4](#fig4){ref-type="fig"}B and [Table 1](#tbl1){ref-type="table"}). The inherently differentially expressed proteins with higher expression in NQ *S. purpurea* were divided into 19 categories based on their functions ([Fig. 4](#fig4){ref-type="fig"}A). Most were involved in protein synthesis and transport, photosynthesis, the antioxidant system, stress response, and chromatin structure and dynamics ([Fig. 4](#fig4){ref-type="fig"}A and [Supplementary Table S3](#appsec1){ref-type="sec"}). Among them, the drought-nonresponsive proteins were divided into 17 functional categories, mainly including protein synthesis and transport, antioxidant system, and photosynthesis ([Fig. 4](#fig4){ref-type="fig"}B and [Table 2](#tbl2){ref-type="table"}).Fig. 4Functional classification of the inherently differentially expressed proteins in the two *S. purpurea* populations. **(A)** Comparison of functional classifications of the inherently differentially expressed proteins with higher abundance in each *S. purpurea* population. **(B)** Comparison of functional classifications of the inherently differentially expressed proteins with no response to drought treatment in each *S. purpurea* population. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; J, inorganic ion transport and metabolism; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; Y, others.

3.5. Differential expression of proteins in *S. purpurea* from GR during drought stress and recovery {#sec3.5}
----------------------------------------------------------------------------------------------------

Compared with control levels, 141 proteins in *S. purpurea* from GR showed differential expression (99 up-regulated and 42 down-regulated) during the drought treatment ([Supplementary Fig. S3](#appsec1){ref-type="sec"}). These proteins belonged to 21 functional categories. Most were involved in stress response, protein synthesis and transport, the antioxidant system, photosynthesis, and carbohydrate metabolism ([Fig. 5](#fig5){ref-type="fig"}). The up-regulated proteins were mainly involved in stress response, protein synthesis and transport, the antioxidant system, and photosynthesis ([Fig. 6](#fig6){ref-type="fig"}A left). The down-regulated proteins were mainly related to carbohydrate metabolism, stress response, photosynthesis, and RNA metabolic processes ([Fig. 6](#fig6){ref-type="fig"}A left). There were 38 differentially expressed proteins (20 up-regulated and 18 down-regulated) in *S. purpurea* from GR during the recovery process ([Supplementary Fig. S3](#appsec1){ref-type="sec"}). These proteins were divided into 14 functional categories, including stress response, biosynthesis and biotransformation, protein synthesis and transport, chromatin structure and dynamics, and photosynthesis ([Fig. 5](#fig5){ref-type="fig"}). The up-regulated proteins were mainly involved in stress response, chromatin structure and dynamics, protein synthesis and transport, photosynthesis, and kinase activity ([Fig. 6](#fig6){ref-type="fig"}A right). The down-regulated proteins were mainly related to biosynthesis and biotransformation, stress response, photosynthesis, and protein synthesis and transport ([Fig. 6](#fig6){ref-type="fig"}A right).Fig. 5Functional classification of identified proteins and the number of proteins with various functions under drought stress and subsequent recovery in the two *S. purpurea* populations. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; I, growth regulation; J, inorganic ion transport and metabolism; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; V, RNA metabolic process; X, transcription and translation; Y, others.Fig. 6Functional classification of differentially expressed proteins during drought stress and subsequent recovery in the two *S. purpurea* populations. **(A)** Comparison of functional classifications of the differentially expressed proteins during drought treatment (left) and subsequent recovery (right) in GR population. **(B)** Comparison of functional classifications of the differentially expressed proteins during drought treatment (left) and subsequent recovery (right) in NQ population. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; I, growth regulation; J, inorganic ion transport and metabolism; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; V, RNA metabolic process; W, signal transduction; X, transcription and translation; Y, others.

There were 129 proteins (91 up-regulated and 38 down-regulated) that showed specific differential expression under drought treatment ([Fig. 7](#fig7){ref-type="fig"}A, [Supplementary Tables S4 and S5](#appsec1){ref-type="sec"}), and 26 proteins (13 up-regulated and 13 down-regulated) that specifically changed during the recovery process ([Fig. 7](#fig7){ref-type="fig"}A, [Supplementary Tables S6 and S7](#appsec1){ref-type="sec"}). Twelve differentially expressed proteins showed various changes in pattern during both drought and recovery ([Fig. 7](#fig7){ref-type="fig"}A and [Supplementary Table S8](#appsec1){ref-type="sec"}).Fig. 7Differentially expressed proteins in *S. purpurea* from two populations under drought stress and subsequent recovery. **(A)** Expression patterns and number of differentially expressed proteins during drought treatment and subsequent recovery in the *S. purpurea* population from GR. **(B)** Expression patterns and number of differentially expressed proteins during drought treatment and subsequent recovery in the *S. purpurea* population from NQ. **(C)** Expression patterns and number of differentially expressed proteins during drought treatment between the two *S. purpurea* populations.

3.6. Differential expression of proteins in *S. purpurea* from NQ during drought stress and recovery {#sec3.6}
----------------------------------------------------------------------------------------------------

Compared with control levels, 97 proteins in *S. purpurea* from NQ showed differential expression (51 up-regulated and 46 down-regulated) during the drought treatment ([Supplementary Fig. S3](#appsec1){ref-type="sec"}). These proteins belonged to 21 functional categories. Most were involved in stress response, the antioxidant system, cell structure and activity, and photosynthesis ([Fig. 5](#fig5){ref-type="fig"}). The up-regulated proteins were mainly involved in stress response, the antioxidant system, and cell structure and activity ([Fig. 6](#fig6){ref-type="fig"}B left). The down-regulated proteins were mainly related to stress response, photosynthesis, cell structure and activity, and carbohydrate metabolism ([Fig. 6](#fig6){ref-type="fig"}B left). There were 43 differentially expressed proteins (17 up-regulated and 26 down-regulated) in NQ *S. purpurea* during the recovery process ([Supplementary Fig. S3](#appsec1){ref-type="sec"}). These proteins could be divided into 16 functional categories, including photosynthesis, stress response, antioxidant system, and cell structure and activity ([Fig. 5](#fig5){ref-type="fig"}). The up-regulated proteins were mainly involved in antioxidant system, stress response, and biosynthesis and biotransformation ([Fig. 6](#fig6){ref-type="fig"}B, right). The down-regulated proteins were mainly related to photosynthesis and cell structure and activity ([Fig. 6](#fig6){ref-type="fig"}B, right).

There were 82 proteins (46 up-regulated and 36 down-regulated) that showed specific differential expression under drought treatment ([Fig. 7](#fig7){ref-type="fig"}B, [Supplementary Tables S9 and S10](#appsec1){ref-type="sec"}), and 28 proteins (11 up-regulated and 17 down-regulated) that specifically changed during the recovery process ([Fig. 7](#fig7){ref-type="fig"}B, [Supplementary Tables S11 and S12](#appsec1){ref-type="sec"}). There were 15 proteins differentially expressed during both drought and recovery that showed various changes in pattern during these treatments ([Fig. 7](#fig7){ref-type="fig"}B and [Supplementary Table S13](#appsec1){ref-type="sec"}).

3.7. Differential expression of proteins between the two *S. purpurea* populations during drought stress {#sec3.7}
--------------------------------------------------------------------------------------------------------

Comparing proteomic profiles of both populations during drought stress, we identified proteins that displayed differential expression in only one population and proteins that showed differential expression in both populations. Seventy-one proteins were specifically up-regulated in *S. purpurea* from GR ([Fig. 7](#fig7){ref-type="fig"}C and [Table 3](#tbl3){ref-type="table"}). These proteins belonged to 16 functional categories, with most involved in protein synthesis and transport, stress response, photosynthesis, the antioxidant system, and energy production and conversion ([Fig. 8](#fig8){ref-type="fig"}A and [Table 3](#tbl3){ref-type="table"}). There were 25 proteins specifically down-regulated in *S. purpurea* from GR ([Fig. 7](#fig7){ref-type="fig"}C and [Supplementary Table S14](#appsec1){ref-type="sec"}); these were associated with 15 functional categories mainly including antioxidant system and response to stimulus ([Fig. 8](#fig8){ref-type="fig"}B and [Supplementary Table S14](#appsec1){ref-type="sec"}).Table 3Proteins specifically up-regulated in *S. purpurea* from GR under drought stress. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; H, energy production and conversion; J, inorganic ion transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; V, RNA metabolic process; Y, others.Protein accessionFold change\
GR-D/GR-CScoreDescriptionSpeciesFunctional category[Q9FKC0](ncbi-p:Q9FKC0){#intref0310}1.6213760S ribosomal protein L13a-4*Arabidopsis thaliana*Sgi\|5148172761.89162PREDICTED: 25.3 kDa heat shock protein, chloroplastic-like*Setaria italica*T[P14009](ncbi-p:P14009){#intref0315}2.2520714 kDa proline-rich protein DC2.15*Daucus carota*Rgi\|3571269821.53225PREDICTED: cytochrome b5-like*Brachypodium distachyon*E[Q9FJU9](ncbi-p:Q9FJU9){#intref0320}1.51391Glucan endo-1,3-beta-glucosidase 13*Arabidopsis thaliana*D[Q9LZF6](ncbi-p:Q9LZF6){#intref0325}1.7283Cell division control protein 48 homolog E*Arabidopsis thaliana*Egi\|3571444691.61526PREDICTED: 60S acidic ribosomal protein P1-like*Brachypodium distachyon*Sgi\|4755276021.6152040S ribosomal protein S5-1*Aegilops tauschii*S[P46522](ncbi-p:P46522){#intref0330}1.5025Late embryogenesis abundant protein Lea5-D*Gossypium hirsutum*T[Q03968](ncbi-p:Q03968){#intref0335}1.731570Late embryogenesis abundant protein, group 3*Triticum aestivum*Tgi\|3571133961.62791PREDICTED: photosystem I reaction center subunit III, chloroplastic-like*Brachypodium distachyon*Pgi\|3571468911.60682PREDICTED: thylakoid lumenal 17.4 kDa protein, chloroplastic-like*Brachypodium distachyon*Pgi\|3571605941.86494PREDICTED: photosystem I reaction center subunit N, chloroplastic-like*Brachypodium distachyon*Pgi\|3571320551.51401PREDICTED: ubiquitin-40S ribosomal protein S27a-like*Brachypodium distachyon*Qgi\|3571271821.531306PREDICTED: 60S ribosomal protein L11-like*Brachypodium distachyon*Sgi\|3571601711.82118PREDICTED: 60S ribosomal protein L10a-3-like*Brachypodium distachyon*S[P13940](ncbi-p:P13940){#intref0340}1.5647Late embryogenesis abundant protein D-29*Gossypium hirsutum*Tgi\|3571141841.98174PREDICTED: thioredoxin-like protein HCF164, chloroplastic-like*Brachypodium distachyon*Ogi\|2264947341.7232960S ribosomal protein L12*Zea mays*S[Q9CA23](ncbi-p:Q9CA23){#intref0345}1.5280Ubiquitin-fold modifier 1*Arabidopsis thaliana*Qgi\|3548052141.80132peroxiredoxin*Oryza nivara*Bgi\|3571580242.7479PREDICTED: ras-related protein RABA1f-like*Brachypodium distachyon*Y[P26360](ncbi-p:P26360){#intref0350}1.55415ATP synthase subunit gamma, mitochondrial*Ipomoea batatas*HA1EA301.6318830S ribosomal protein S18, chloroplastic*Agrostis stolonifera*S[Q7XTE8](ncbi-p:Q7XTE8){#intref0355}1.9148914-3-3-like protein GF14-B*Oryza sativa* subsp. *japonica*T[Q10N21](ncbi-p:Q10N21){#intref0360}1.50795[l]{.smallcaps}-ascorbate peroxidase 1, cytosolic*Oryza sativa* subsp. *japonica*B[Q05212](ncbi-p:Q05212){#intref0365}1.98213DNA-damage-repair/toleration protein DRT102*Arabidopsis thaliana*N[Q0JPA6](ncbi-p:Q0JPA6){#intref0370}1.52956Salt stress root protein RS1*Oryza sativa* subsp. *japonica*Tgi\|3571120351.59239PREDICTED: 40S ribosomal protein S9-2-like*Brachypodium distachyon*Sgi\|4740972011.55732Glycine cleavage system H protein, mitochondrial*Triticum urartu*A[P50156](ncbi-p:P50156){#intref0375}1.8928Probable aquaporin TIP1-1*Oryza sativa* subsp. *japonica*Tgi\|3571118841.68125PREDICTED: elongation factor 1-delta 2-like isoform 1*Brachypodium distachyon*E[P46225](ncbi-p:P46225){#intref0380}1.721789Triosephosphate isomerase, chloroplastic*Secale cereale*Dgi\|3571646661.53303PREDICTED: 60S ribosomal protein L14-1-like*Brachypodium distachyon*Sgi\|5148024631.53207PREDICTED: 60S ribosomal protein L23A-like*Setaria italica*Sgi\|4755556691.5143240S ribosomal protein S12*Aegilops tauschii*S[Q2R2W2](ncbi-p:Q2R2W2){#intref0385}1.5129614-3-3-like protein GF14-D*Oryza sativa* subsp. *japonica*Tgi\|3571633851.721042PREDICTED: 2-Cys peroxiredoxin BAS1, chloroplastic-like*Brachypodium distachyon*B[P34788](ncbi-p:P34788){#intref0390}1.6174440S ribosomal protein S18*Arabidopsis thaliana*Sgi\|3571117751.50122PREDICTED: 60S ribosomal protein L13a-4-like isoform 1*Brachypodium distachyon*Sgi\|3571442561.73239PREDICTED: monothiol glutaredoxin-S10-like*Brachypodium distachyon*B[O48646](ncbi-p:O48646){#intref0395}1.62128Probable phospholipid hydroperoxide glutathione peroxidase 6, mitochondrial*Arabidopsis thaliana*B[Q6Z7L3](ncbi-p:Q6Z7L3){#intref0400}1.60101Thioredoxin-like 3-1, chloroplastic*Oryza sativa* subsp. *japonica*O[Q94F47](ncbi-p:Q94F47){#intref0405}1.6243Ubiquitin-conjugating enzyme E2 28*Arabidopsis thaliana*Qgi\|5148253571.86374PREDICTED: ATP synthase epsilon chain, chloroplastic-like*Setaria italica*H[O22860](ncbi-p:O22860){#intref0410}1.516460S ribosomal protein L38*Arabidopsis thaliana*S[P49310](ncbi-p:P49310){#intref0415}1.53445Glycine-rich RNA-binding protein GRP1A*Sinapis alba*Vgi\|3571249251.82823PREDICTED: 20 kDa chaperonin, chloroplastic-like*Brachypodium distachyon*Fgi\|3571656192.25734PREDICTED: thylakoid lumenal 29 kDa protein, chloroplastic-like*Brachypodium distachyon*Pgi\|1956121801.5136150S ribosomal protein L5*Zea mays*S[Q5QN75](ncbi-p:Q5QN75){#intref0420}1.7280Mitogen-activated protein kinase kinase 1*Oryza sativa* subsp. *japonica*T[Q10CE7](ncbi-p:Q10CE7){#intref0425}1.61459Probable glutathione S-transferase GSTU1*Oryza sativa* subsp. *japonica*Bgi\|3548322421.6246dehydration responsive element binding protein 1*Hordeum brevisubulatum*Tgi\|3571284791.60196PREDICTED: ras-related protein Rab7-like isoform 1*Brachypodium distachyon*Ygi\|3571377442.131060PREDICTED: ATP synthase subunit b\', chloroplastic-like*Brachypodium distachyon*H[Q84PB7](ncbi-p:Q84PB7){#intref0430}1.62990Protein THYLAKOID FORMATION1, chloroplastic*Oryza sativa* subsp. *japonica*Pgi\|3571123541.53778PREDICTED: thylakoid lumenal protein At1g03610, chloroplastic-like*Brachypodium distachyon*P[Q9C519](ncbi-p:Q9C519){#intref0435}1.8232WRKY transcription factor 6*Arabidopsis thaliana*Tgi\|1956220121.5670membrane-associated 30 kDa protein*Zea mays*M[P26302](ncbi-p:P26302){#intref0440}1.983637Phosphoribulokinase, chloroplastic*Triticum aestivum*Pgi\|5087017451.7262Glyceraldehyde-3-phosphate dehydrogenase A*Theobroma cacao*Dgi\|3571258961.721527PREDICTED: sedoheptulose-1,7-bisphosphatase, chloroplastic-like*Brachypodium distachyon*P[P53683](ncbi-p:P53683){#intref0445}1.61155Calcium-dependent protein kinase isoform 2*Oryza sativa* subsp. *japonica*T[O22773](ncbi-p:O22773){#intref0450}1.50590Thylakoid lumenal 16.5 kDa protein, chloroplastic*Arabidopsis thaliana*P[Q5VRL3](ncbi-p:Q5VRL3){#intref0455}1.6237Superoxide dismutase \[Fe\] 1, chloroplastic*Oryza sativa* subsp. *japonica*B[O65037](ncbi-p:O65037){#intref0460}1.6029950S ribosomal protein L27, chloroplastic*Oryza sativa* subsp. *japonica*S[Q42438](ncbi-p:Q42438){#intref0465}2.1337Calcium-dependent protein kinase 8*Arabidopsis thaliana*Tgi\|157889431.62465Ferritin*Hordeum vulgare* subsp. *vulgare*Jgi\|4740165921.86503Malate dehydrogenase \[NADP\] 1, chloroplastic*Triticum urartu*H[P0C1M0](ncbi-p:P0C1M0){#intref0470}1.512842ATP synthase subunit gamma, chloroplastic*Zea mays*Hgi\|5087816551.86549Uridylyltransferase-related*Theobroma cacao*NFig. 8Functional classification of proteins differentially expressed in only one or in both *S. purpurea* populations during drought stress. **(A)** Functional classification of proteins specifically up-regulated between the two *S. purpurea* populations. **(B)** Functional classification of proteins specifically down-regulated between the two *S. purpurea* populations. **(C)** Functional classification of proteins up-regulated in both *S. purpurea* populations. The legends in different colors represent up-regulated proteins with higher fold changes in the two *S. purpurea* populations. **(D)** Functional classification of proteins down-regulated in both *S. purpurea* populations. The legends in different colors represent down-regulated proteins with higher fold changes in the two *S. purpurea* populations. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; F, molecular chaperone; G, chromatin structure and dynamics; H, energy production and conversion; J, inorganic ion transport and metabolism; K, kinase; L, lipid transport and metabolism; M, membrane-associated; N, nucleotide transport and metabolism; O, oxidation-reduction process; P, photosynthesis; Q, post translational modification; R, osmotic regulation; S, protein synthesis and transport; T, response to stimulus; V, RNA metabolic process; X, transcription and translation; Y, others.

There were 24 proteins specifically up-regulated in NQ *S. purpurea* ([Fig. 7](#fig7){ref-type="fig"}C and [Table 4](#tbl4){ref-type="table"}). These proteins belonged to 15 functional categories. Most were involved in the antioxidant system and stress response ([Fig. 8](#fig8){ref-type="fig"}A and [Table 4](#tbl4){ref-type="table"}). Twenty-eight proteins were specifically down-regulated in NQ *S. purpurea* ([Fig. 7](#fig7){ref-type="fig"}C and [Supplementary Table S15](#appsec1){ref-type="sec"}) that belong to 11 functional categories including stress response, cell structure and activity and photosynthesis ([Fig. 8](#fig8){ref-type="fig"}B and [Supplementary Table S15](#appsec1){ref-type="sec"}).Table 4Proteins specifically up-regulated in *S. purpurea* from NQ under drought stress. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; C, biosynthesis and biotransformation; D, carbohydrate metabolism; E, cell structure and activity; G, chromatin structure and dynamics; H, energy production and conversion; J, inorganic ion transport and metabolism; K, kinase; M, membrane-associated; N, nucleotide transport and metabolism; P, photosynthesis; S, protein synthesis and transport; T, response to stimulus; Y, others.Protein accessionFold change\
NQ-D/NQ-CScoreDescriptionSpeciesFunctional category[O24303](ncbi-p:O24303){#intref0475}1.5958Protein TIC110, chloroplastic*Pisum sativum*S[Q9FJZ9](ncbi-p:Q9FJZ9){#intref0480}1.5270Peroxidase 72*Arabidopsis thaliana*Bgi\|3571603781.56179PREDICTED: adenylate kinase A-like*Brachypodium distachyon*Ngi\|4739540442.08295Blue copper protein*Triticum urartu*Jgi\|4954649001.53430Phosphoglycerate kinase*Moorea producens*Kgi\|5148016711.68257PREDICTED: 23.2 kDa heat shock protein-like*Setaria italica*Tgi\|3571181421.7875PREDICTED: basic blue protein-like*Brachypodium distachyon*Jgi\|3744286701.81561Fusion protein of histone 2A and enhanced yellow fluorescence protein*Cloning vector pSolycp00001*Ggi\|3571135351.62487PREDICTED: mitochondrial outer membrane protein porin of 36 kDa-like*Brachypodium distachyon*Mgi\|3571156751.55218PREDICTED: zeamatin-like*Brachypodium distachyon*T[P12782](ncbi-p:P12782){#intref0485}1.811593Phosphoglycerate kinase, chloroplastic*Triticum aestivum*KA1EA211.811611Apocytochrome f*Agrostis stolonifera*Pgi\|6579557041.62731PREDICTED: peroxidase 4-like*Malus domestica*B[Q8H8U5](ncbi-p:Q8H8U5){#intref0490}1.81747Protein IN2-1 homolog B*Oryza sativa* subsp. *japonica*Ygi\|1930743691.531234Class III peroxidase*Triticum aestivum*Bgi\|4756110201.73337Peroxidase 1*Aegilops tauschii*B[Q9LS40](ncbi-p:Q9LS40){#intref0495}1.54100Protein ASPARTIC PROTEASE IN GUARD CELL 1*Arabidopsis thaliana*Agi\|3532490921.5674Related to pyridoxine 4-dehydrogenase*Piriformospora indica DSM 11827*Cgi\|3571112061.53209PREDICTED: cytochrome b-c1 complex subunit 7-like*Brachypodium distachyon*Egi\|3571126222.75599PREDICTED: peroxisomal (S)-2-hydroxy-acid oxidase GLO1-like*Brachypodium distachyon*B[Q7M443](ncbi-p:Q7M443){#intref0500}2.94285Chitinase 2*Tulipa bakeri*T[P19177](ncbi-p:P19177){#intref0505}1.901367Histone H2A*Petroselinum crispum*G[Q9FLQ4](ncbi-p:Q9FLQ4){#intref0510}1.5588Dihydrolipoyllysine-residue succinyltransferase component of 2-oxoglutarate dehydrogenase complex 1, mitochondrial*Arabidopsis thaliana*DA8Y9H71.695885ATP synthase subunit beta, chloroplastic*Lolium perenne*H

There were 45 differentially expressed proteins in both *S. purpurea* populations that showed diverse expression patterns ([Fig. 7](#fig7){ref-type="fig"}C). There were 27 proteins up-regulated in both *S. purpurea* populations ([Fig. 7](#fig7){ref-type="fig"}C). Among them, 14 proteins showed higher fold increases in *S. purpurea* from GR ([Table 5](#tbl5){ref-type="table"}); these belonged to the functional categories amino acid transport and metabolism, antioxidant system, cell structure and activity, membrane-associated, post translational modification, osmotic regulation, and response to stimulus ([Fig. 8](#fig8){ref-type="fig"}C). There were 13 proteins showing higher fold increases in *S. purpurea* from NQ ([Table 5](#tbl5){ref-type="table"}); these were associated with the antioxidant system, carbohydrate metabolism, cell structure and activity, post-translational modification, osmotic regulation, and stress response ([Fig. 8](#fig8){ref-type="fig"}C). There were 17 proteins down-regulated in both *S. purpurea* populations ([Fig. 7](#fig7){ref-type="fig"}C). Among these, eight proteins showed higher fold decreases in *S. purpurea* from GR ([Supplementary Table S16](#appsec1){ref-type="sec"}) and belong to the functional categories amino acid transport and metabolism, carbohydrate metabolism, cell structure and activity, energy production and conversion, inorganic ion transport and metabolism, post translational modification, and stress response ([Fig. 8](#fig8){ref-type="fig"}D and [Supplementary Table S16](#appsec1){ref-type="sec"}). Nine proteins showed higher fold decreases in *S. purpurea* from NQ ([Supplementary Table S16](#appsec1){ref-type="sec"}) and were involved in biosynthesis and biotransformation, carbohydrate metabolism, chromatin structure and dynamics, photosynthesis, protein synthesis and transport, responses to stimulus, RNA metabolic processes, and transcription and translation ([Fig. 8](#fig8){ref-type="fig"}D and [Supplementary Table S16](#appsec1){ref-type="sec"}). Notably, only one protein involved in stress response showed up-regulated expression in *S. purpurea* from GR but was down-regulated in plants from NQ ([Fig. 7](#fig7){ref-type="fig"}C and [Supplementary Table S17](#appsec1){ref-type="sec"}).Table 5Proteins up-regulated in both *S. purpurea* populations under drought stress. The letters correspond to the protein functional categories shown as follows: A, amino acid transport and metabolism; B, antioxidant system; D, carbohydrate metabolism; E, cell structure and activity; G, chromatin structure and dynamics; M, membrane-associated; Q, post translational modification; R, osmotic regulation; T, response to stimulus.Protein accessionFold changeScoreDescriptionSpeciesFunctional categoryGR-D/GR-CNQ-D/NQ-C**Higher expression in the *S. purpurea* of GR population**[Q6Z7V2](ncbi-p:Q6Z7V2){#intref0515}1.611.5912424.1 kDa heat shock protein, mitochondrial*Oryza sativa* subsp. *japonica*T[Q43206](ncbi-p:Q43206){#intref0520}1.861.81555Catalase-1*Triticum aestivum*B[Q54ND5](ncbi-p:Q54ND5){#intref0525}1.731.69192Multiple inositol polyphosphate phosphatase 1*Dictyostelium discoideum*Qgi\|4755346431.651.57303Aspartic proteinase nepenthesin-2*Aegilops tauschii*A[Q8LGG8](ncbi-p:Q8LGG8){#intref0530}1.651.5633Universal stress protein A-like protein*Arabidopsis thaliana*T[Q9Z2Y8](ncbi-p:Q9Z2Y8){#intref0535}1.611.5290Proline synthase co-transcribed bacterial homolog protein*Mus musculus*R[O04226](ncbi-p:O04226){#intref0540}2.011.8756Delta-1-pyrroline-5-carboxylate synthase*Oryza sativa* subsp. *japonica*Rgi\|3571348211.891.651074PREDICTED: glutathione S-transferase DHAR2-like isoform 1*Brachypodium distachyon*Bgi\|4333591162.011.7051cell wall invertase*Triticum aestivum*Egi\|4744017942.131.75320Glutathione S-transferase*Triticum urartu*B[Q9U639](ncbi-p:Q9U639){#intref0545}2.011.63433Heat shock 70 kDa protein cognate 4*Manduca sexta*T[Q9LW57](ncbi-p:Q9LW57){#intref0550}2.011.63415Probable plastid-lipid-associated protein 6, chloroplastic*Arabidopsis thaliana*M[Q5Z9J0](ncbi-p:Q5Z9J0){#intref0555}2.131.7243Mitogen-activated protein kinase 12*Oryza sativa* subsp. *japonica*T[Q07078](ncbi-p:Q07078){#intref0560}2.131.623447Heat shock protein 81-3*Oryza sativa* subsp. *japonica*T**Higher expression in the *S. purpurea* of NQ population**A7NY331.511.81369Peroxidase 4*Vitis vinifera*Bgi\|4743057491.531.81308Pathogenesis-related protein 1*Triticum urartu*Tgi\|4442891701.651.8960secretory phospholipase A2*Triticum durum*Egi\|5147117901.521.69213PREDICTED: glutathione S-transferase omega-like 2-like*Setaria italica*B[P23283](ncbi-p:P23283){#intref0565}1.511.6849Desiccation-related protein PCC3-06*Craterostigma plantagineum*T[Q9X0Y1](ncbi-p:Q9X0Y1){#intref0570}1.621.7876Phosphorylated carbohydrates phosphatase TM_1254*Thermotoga maritima*Q[Q8H7Y6](ncbi-p:Q8H7Y6){#intref0575}1.501.6216Heat stress transcription factor A-2d*Oryza sativa* subsp. *japonica*T[P84516](ncbi-p:P84516){#intref0580}1.531.65160Cationic peroxidase SPC4*Sorghum bicolor*B[Q6Q1P4](ncbi-p:Q6Q1P4){#intref0585}1.621.6768Structural maintenance of chromosomes protein 1*Arabidopsis thaliana*G[P53303](ncbi-p:P53303){#intref0590}1.511.53209Zinc finger protein ZPR1*Saccharomyces cerevisiae*T[Q9FEB5](ncbi-p:Q9FEB5){#intref0595}1.731.75186Phosphoglucan phosphatase DSP4, chloroplastic*Arabidopsis thaliana*D[Q42479](ncbi-p:Q42479){#intref0600}1.611.62139Calcium-dependent protein kinase 3*Arabidopsis thaliana*T[Q9S795](ncbi-p:Q9S795){#intref0605}1.521.5240Betaine aldehyde dehydrogenase 1, chloroplastic*Arabidopsis thaliana*R

4. Discussion {#sec4}
=============

4.1. Differential drought resistance between two *S. purpurea* populations {#sec4.1}
--------------------------------------------------------------------------

Similar to the results of a previous study ([@bib25]), we found that the morphological and physiological changes of two *S. purpurea* populations during drought and recovery supported the hypothesis that *S. purpurea* from GR were more resistant to the same drought stress. However, the mode of response at the molecular level was still unknown in this species. Thus, the iTRAQ quantitative proteomics method was used to analyze the differential responses of the two different *S. purpurea* populations to drought stress at the protein level.

The proteins responsive to drought and recovery that we identified in this study are basically consistent with previous findings on plant proteomic responses to drought or other abiotic stresses ([@bib1], [@bib27], [@bib28]), which were mainly involved in responses to stimulus, photosynthesis, and various metabolism. Among all of the drought-responsive proteins, only a few were differentially expressed during the recovery process compared with control levels, indicating that most drought-responsive proteins returned to control levels (91.5% in GR and 84.5% in NQ) ([Fig. 7](#fig7){ref-type="fig"}A and B). Because the "resilience" of genes or proteins is thought to reflect the level of plant resistance to abiotic stresses ([@bib39]), the results indicated that *S. purpurea* of both populations had great drought resistance, which is consistent with previous studies ([@bib48]). However, *S. purpurea* plants from GR showed greater protein resilience, thus demonstrating stronger drought resistance.

Although most drought-responsive proteins returned to control levels in both *S. purpurea* populations, a few proteins were still differentially expressed during the recovery process. *S. purpurea* from GR showed 20 up-regulated and 18 down-regulated proteins during the drought treatment ([Fig. 7](#fig7){ref-type="fig"}A). Among them, 13 were specifically up-regulated during the recovery process, whereas 13 were specifically down-regulated ([Fig. 7](#fig7){ref-type="fig"}A, [Supplementary Tables S6 and S7](#appsec1){ref-type="sec"}). There were 17 up-regulated and 26 down-regulated proteins during the drought treatment in *S. purpurea* from NQ ([Fig. 7](#fig7){ref-type="fig"}B). Among them, 11 were specifically up-regulated during the recovery process, whereas 17 were specifically down-regulated ([Fig. 7](#fig7){ref-type="fig"}B, [Supplementary Tables S11 and S12](#appsec1){ref-type="sec"}). Similar results were reported in previous studies ([@bib28]). It is possible that recovery after drought treatment is a complex process and might be a stimulus for the "adapted" proteins during drought; thus, some proteins showed responses to re-watering. However, the stability of proteins during the re-watering period may be related to plant resistance to drought. In the present study, GR plant proteins specifically up- and down-regulated during the recovery process accounted for 14.3% and 34.2% of the specifically up- and down-regulated proteins during the drought treatment, respectively ([Fig. 7](#fig7){ref-type="fig"}A), whereas the values were 23.9% and 47.2%, respectively, in *S. purpurea* from NQ ([Fig. 7](#fig7){ref-type="fig"}B). These results showed that proteins in *S. purpurea* from GR were more stable; therefore, the plants from this population were more resistant to drought stress.

4.2. Inherently differentially expressed proteins between the two *S. purpurea* populations {#sec4.2}
-------------------------------------------------------------------------------------------

Under normal growth conditions, some inherently differentially expressed proteins were detected in the two *S. purpurea* populations. This may have resulted from their adaptation to different habitats in the wild. The inherently differentially expressed proteins that showed higher abundance in *S. purpurea* from GR were mainly involved in photosynthesis, protein synthesis and transport, the antioxidant system, stress response, and energy production and conversion ([Fig. 4](#fig4){ref-type="fig"}A and [Supplementary Table S3](#appsec1){ref-type="sec"}). Those with higher expression in *S. purpurea* from NQ are mainly related to protein synthesis and transport, photosynthesis, the antioxidant system, stress response, and chromatin structure and dynamics ([Fig. 4](#fig4){ref-type="fig"}A and [Supplementary Table S4](#appsec1){ref-type="sec"}). These results indicated that many proteins related to these life processes had formed heritable expression differences in the different *S. purpurea* populations during the long-term process of adaptation and evolution. The unique higher-expression inherently proteins in each population suggested that the same environmental factor might affect *S. purpurea* from different populations to different degrees and in diverse ways.

About half of the inherently differentially expressed proteins were responsive to drought treatment in both *S. purpurea* populations ([Supplementary Fig. S2](#appsec1){ref-type="sec"}); their functions are carefully analyzed below. Here, we focus mainly on the proteins that are drought-nonresponsive. The drought-nonresponsive proteins with higher expression in *S. purpurea* from GR were mainly involved in stress response, the antioxidant system, and photosynthesis ([Fig. 4](#fig4){ref-type="fig"}B and [Table 1](#tbl1){ref-type="table"}); most drought-nonresponsive proteins with higher expression in *S. purpurea* from NQ were related to protein synthesis and transport, the antioxidant system, and photosynthesis ([Fig. 4](#fig4){ref-type="fig"}B and [Table 1](#tbl1){ref-type="table"}). These results suggest two things. On one hand, these drought-nonresponsive proteins might play important roles in some other life processes rather than drought resistance. Although proteins involved in stress response and the antioxidant system function universally in plant resistance to various environmental stresses ([@bib26], [@bib48]), the function of these proteins might have changed in different populations of *S. purpurea* to respond to different environmental stresses. This is because the Tibetan Plateau is famous for a variety of harsh environmental factors ([@bib26]). Additionally, some proteins in this study might have specific functions, for example, two proteins named PREDICTED: disease resistance response protein 206-like and PREDICTED: salt stress root protein RS1-like might function in response to plant disease and salt stress, respectively ([Table 1](#tbl1){ref-type="table"}). Gar and Nagqu Counties are located in the west and east of the Tibetan Plateau, respectively, with considerable differences in climatic conditions. The average temperature is higher, and day length longer in Gar Country, but precipitation is greater in Nagqu County. Thus, photosynthetic conditions for *S. purpurea* from the two populations have different limitations. This may explain why many proteins related to photosynthesis were differentially expressed between the two populations. On the other hand, although these proteins with inherently differential expression, including some proteins involved in stress response and the antioxidant system, were nonresponsive to drought treatment, their initially high expression levels in the two *S. purpurea* populations may indicate that they play a role in response to drought. In particular, many proteins involved in stress response and the antioxidant system that showed higher expression in *S. purpurea* from GR might play significant roles in improving the drought resistance of this population ([Table 1](#tbl1){ref-type="table"}). Additionally, the nonresponsiveness of some proteins with inherently differential expression between these two populations might be related to the degree of drought treatment.

4.3. Population-specific differential expression of proteins in *S. purpurea* during drought stress {#sec4.3}
---------------------------------------------------------------------------------------------------

The molecular basis for the differential drought resistance between the two *S. purpurea* populations was mainly reflected in the differential expression of proteins in plants under drought treatment. During drought treatment, the number of proteins differentially expressed in *S. purpurea* from GR (141 proteins) was much greater than in *S. purpurea* from NQ (97 proteins) ([Supplementary Fig. S3](#appsec1){ref-type="sec"}). In particular, nearly twice as many proteins were up-regulated in GR (99 proteins) than in NQ (51 proteins) plants ([Supplementary Fig. S3](#appsec1){ref-type="sec"}). These results indicated that *S. purpurea* from GR had a stronger ability to regulate proteins compared with *S. purpurea* from NQ. The various functions of the great many up-regulated proteins during drought treatment might be the basis of the stronger drought resistance in *S. purpurea* from GR.

Comparing the two *S. purpurea* populations, we found proteins that showed population-specific differential expression and proteins that were differentially expressed in both populations ([Fig. 7](#fig7){ref-type="fig"}C). All of these results may be related to the differential drought resistance between the two populations. Here, we first analyzed the proteins with differential expression in only one population of *S. purpurea* during drought stress.

In the present study, the number of proteins specifically up-regulated in *S. purpurea* from GR (71 proteins) was nearly three times that in *S. purpurea* from NQ (24 proteins) ([Fig. 7](#fig7){ref-type="fig"}C). The proteins specifically up-regulated in GR were divided into 16 functional categories while those in NQ were divided into 15 categories ([Fig. 8](#fig8){ref-type="fig"}A). Among them, there were 12 categories in common between the two *S. purpurea* populations, including amino acid transport and metabolism, antioxidant system, carbohydrate metabolism, cell structure and activity, energy production and conversion, inorganic ion transport and metabolism, membrane-associated, nucleotide transport and metabolism, photosynthesis, protein synthesis and transport, stress response and 'others' ([Fig. 8](#fig8){ref-type="fig"}A). However, the protein numbers in various functional categories in *S. purpurea* from GR were generally greater than in NQ ([Fig. 8](#fig8){ref-type="fig"}A). Proteins in five functional categories were specifically up-regulated in *S. purpurea* from GR, including molecular chaperone, oxidation-reduction process, post translational modification, osmotic regulation, and RNA metabolic process (V) ([Fig. 8](#fig8){ref-type="fig"}A). In *S. purpurea* from NQ, proteins involved in 'biosynthesis and biotransformation', 'chromatin structure and dynamics', as well as 'kinases' were specifically up-regulated ([Fig. 8](#fig8){ref-type="fig"}A). The number of proteins specifically down-regulated in GR plants (25 proteins) was nearly the same as in NQ plants (28 proteins) ([Fig. 7](#fig7){ref-type="fig"}C). The proteins specifically down-regulated in GR plants were divided into 15 functional categories while those in NQ plants were divided into 12 categories ([Fig. 8](#fig8){ref-type="fig"}B). Among them, there were nine categories in common between the two *S. purpurea* populations, including amino acid transport and metabolism, carbohydrate metabolism, cell structure and activity, molecular chaperone, inorganic ion transport and metabolism, photosynthesis, post translational modification, stress response, and RNA metabolic process ([Fig. 8](#fig8){ref-type="fig"}B). However, the protein numbers in various functional categories in *S. purpurea* from NQ were generally greater than GR plants ([Fig. 8](#fig8){ref-type="fig"}B). Proteins in five functional categories were specifically down-regulated in GR plants, including antioxidant system, biosynthesis and biotransformation, energy production and conversion, kinase, and nucleotide transport and metabolism ([Fig. 8](#fig8){ref-type="fig"}B). Proteins in two functional categories were specifically down-regulated in NQ plants, including lipid transport and metabolism and 'others' ([Fig. 8](#fig8){ref-type="fig"}B).

Many studies have demonstrated that proteins related to stress response play very important roles in plant resistance to environmental stresses ([@bib5], [@bib40], [@bib21], [@bib14], [@bib22], [@bib11], [@bib34]). In the present study, 13 proteins related to stress response were specifically up-regulated in GR plants, whereas only three were specifically up-regulated in NQ plants ([Fig. 8](#fig8){ref-type="fig"}A and [Table 3](#tbl3){ref-type="table"}), which might be an important basis for the stronger drought resistance in *S. purpurea* from GR. The late embryogenesis abundant (LEA) family proteins play significant roles in plant resistance to drought stress ([@bib52]). For instance, previous studies showed that LEA genes from barley and wheat could significantly improve the drought resistance of other plants ([@bib46], [@bib9], [@bib23], [@bib44]). In the present study, three LEA family proteins (i.e., Late embryogenesis abundant protein Lea5-D, Late embryogenesis abundant protein, group 3, and Late embryogenesis abundant protein D-29) were specifically up-regulated in GR plants ([Table 3](#tbl3){ref-type="table"}), indicating they have important roles in improving the drought resistance of *S. purpurea* from GR. Plant 14-3-3 family proteins are positively associated with plant growth and resistance to environmental stresses ([@bib30]), and proteins of the calcium-dependent protein kinase (CDPK) and mitogen-activated protein kinase (MAPK) families also play important roles in plants responses to abiotic stresses ([@bib16], [@bib53]). [@bib1] found that several proteins of the 14-3-3, CDPK and MAPK families were significantly up-regulated in a drought-tolerant wheat variety compared with a drought-sensitive variety during drought treatment. Consistent with these results, we found two 14-3-3 proteins (14-3-3-like protein GF14-B and 14-3-3-like protein GF14-D), two CDPK proteins (calcium-dependent protein kinase isoform 2 and calcium-dependent protein kinase 8), and one MAPK protein (mitogen-activated protein kinase kinase 1) were specifically up-regulated in NQ plants ([Table 3](#tbl3){ref-type="table"}). These results suggest that these proteins greatly contribute to the drought resistance of *S. purpurea* from NQ. The up-regulation of plant HSPs can improve plant resistance to drought, high temperature and salt stresses by preventing protein aggregation and maintaining the stability of organellar precursor proteins ([@bib48]). HSPs have been reported to participate in *S. purpurea* responses to drought ([@bib48]). In the present study, we found one HSP each was specifically up-regulated in GR (PREDICTED: 25.3 kDa heat shock protein, chloroplastic-like) and NQ plants (PREDICTED: 23.2 kDa heat shock protein-like) ([Table 3](#tbl3){ref-type="table"}, [Table 4](#tbl4){ref-type="table"}), which further indicated that HSPs are important for *S. purpurea* responses to drought. Additionally, a previous study showed that plant aquaporin, WRKY and dehydration responsive element binding protein (DREB) family proteins helped *S. purpurea* resist drought stress ([@bib25]). Similarly, one protein from each of these three families (Probable aquaporin TIP1-1, WRKY transcription factor 6, and dehydration responsive element binding protein 1, respectively) was specifically up-regulated in GR plants ([Table 3](#tbl3){ref-type="table"}), indicating the contributions of these proteins to the drought resistance of *S. purpurea* from GR. In addition to the HSP protein mentioned above, two other proteins related to stimulus responses (PREDICTED: zeamatin-like and Chitinase 2) were specifically up-regulated in *S. purpurea* from NQ ([Table 4](#tbl4){ref-type="table"}), but these proteins are mainly involved in responses to biotic stresses. This may be because plant diseases and insect pests are rare in the Tibetan Plateau because of the harsh environment, so the functions of some proteins responsive to biotic stresses may have changed during the long-term process of evolution. Although proteins related to stimulus responses usually play positive roles under drought treatment, we found thatand six stimulus-response proteins (Disease resistance response protein 206, Glycine-rich protein 2, PREDICTED: heat shock protein 83-like, Subtilisin-chymotrypsin inhibitor-2A, 17.3 kDa heat shock protein, and Heat shock 70 kDa protein) were specifically down-regulated ([Supplementary Tables S14 and S15](#appsec1){ref-type="sec"}). The negative expression changes of these proteins in NQ plants, especially the three HSPs ([Supplementary Table S15](#appsec1){ref-type="sec"}), would undoubtedly weaken the drought resistance of this *S. purpurea* population. In summary, the specific up-regulation of many proteins related to drought resistance in *S. purpurea* from GR explains its stronger drought resistance.

Reactive oxygen species (ROS) metabolism plays an important role in plant responses to environmental stresses. Under normal conditions, ROS are used as signal molecules in plant growth and development as well as stress responses ([@bib31]). The ROS content in plant cells usually increases sharply when plants are subjected to environmental stresses ([@bib24], [@bib12]). Excessive ROS can cause peroxidation of proteins, DNA and lipids, damaging metabolic processes and eventually causing cell death. However, the plant antioxidant system can rapidly remove excess ROS, thus protecting plant cells ([@bib47], [@bib27]). The plant antioxidant system includes antioxidant enzymes and substances, such as superoxide dismutase, glutathione reductase, ascorbate peroxidase, catalase, peroxidase and glutathione peroxidase ([@bib24]). Thus, antioxidant enzyme activities and antioxidant substance contents can reflect a plant\'s ability to resist environmental stresses. Previous studies have shown that the antioxidant system plays important roles in the *S. purpurea* response to drought stress ([@bib25], [@bib48]). In the present study, we found seven antioxidant proteins from GR plants (peroxiredoxin, [l]{.smallcaps}-ascorbate peroxidase 1, cytosolic, PREDICTED: 2-Cys peroxiredoxin BAS1, chloroplastic-like, PREDICTED: monothiol glutaredoxin-S10-like, Probable phospholipid hydroperoxide glutathione peroxidase 6, mitochondrial, Probable glutathione S-transferase GSTU1, and Superoxide dismutase \[Fe\] 1, chloroplastic) and five antioxidant proteins from NQ plants (Peroxidase 72, PREDICTED: peroxidase 4-like, class III peroxidase, Peroxidase 1, and PREDICTED: peroxisomal (S)-2-hydroxy-acid oxidase) were specifically up-regulated in *S. purpurea* ([Table 3](#tbl3){ref-type="table"}, [Table 4](#tbl4){ref-type="table"}). These results further demonstrated that the antioxidant system is closely correlated with the drought resistance of *S. purpurea*, and the greater number of specifically up-regulated antioxidant proteins in *S. purpurea* from GR contributes to stronger drought resistance.

When faced with drought stress, the osmotic adjustment ability of plants directly affects their drought resistance ([@bib3]). The accumulation of osmotic adjustment substances such as proline can maintain cell turgor pressure and volume ([@bib3]). Proline can also help thylakoid membranes maintain photosynthetic efficiency, cellular redox potential, and antioxidant free radical levels ([@bib18], [@bib37]). Several studies have found that drought treatment can induce proline accumulation and up-regulation of proline synthase genes ([@bib25], [@bib49]). Not surprisingly, we found a protein related to proline metabolism (14 kDa proline-rich protein DC2.15) was specifically up-regulated in GR ([Table 3](#tbl3){ref-type="table"}), suggesting a role in maintaining the strong drought resistance of this *S. purpurea* population.

Protein post-translational modifications, including ubiquitination, phosphorylation, and methylation, play an important role in the plant life cycle ([@bib15]). These modifications can make protein structures more complex and protein functions more powerful, leading to more sophisticated and specific protein regulation ([@bib15]). One of the important functions of post-translational modification is regulating the responses of plant cells to environmental conditions ([@bib15]). In this study, three proteins related to ubiquitin (PREDICTED: ubiquitin-40S ribosomal protein S27a-like, Ubiquitin-fold modifier 1, and Ubiquitin-conjugating enzyme E2, 28) were specifically up-regulated in GR plants ([Table 3](#tbl3){ref-type="table"}); this might be closely related to the stronger drought resistance in this *S. purpurea* population.

Environmental stresses usually decrease plant photosynthesis as well as the expression of related proteins ([@bib27]). However, some proteins can maintain higher expression through the protection and restoration of resistance substances and proteins ([@bib26], [@bib27]). Meanwhile, the material and energy metabolism processes that accompany photosynthesis are affected in different ways, and related proteins show down- or up-regulation ([@bib26], [@bib27]). Some studies have suggested that plants consume more energy during stress; thus, proteins related to energy generation would be stimulated ([@bib26]). At the same time, proteins related to biosynthesis are also up-regulated to provide a material basis for resistance to environmental stresses ([@bib26]). Interestingly, similar results were observed in the present study. However, overall, the numbers and categories of down-regulated proteins generally reflected the influence of environmental stress. Although the total numbers of specifically down-regulated proteins were almost equal between the two *S. purpurea* populations, two proteins related to stimulus responses were specifically down-regulated in GR plants compared with six in NQ plants ([Supplementary Tables S14 and S15](#appsec1){ref-type="sec"}). Additionally, two proteins related to photosynthesis (Cytochrome b6-f complex iron-sulfur subunit, chloroplastic and Oxygen-evolving enhancer protein 3-1, chloroplastic) were specifically down-regulated in GR plants compared with five (Chlorophyll a-b binding protein CP24 10A, chloroplastic, chloroplast photosystem II type I chlorophyll a/b-binding protein, Photosystem II 22 kDa protein, chloroplastic, Photosystem II 22 kDa protein, chloroplastic, and Protein PROTON GRADIENT REGULATION 5, chloroplastic) in NQ plants ([Supplementary Tables S14 and S15](#appsec1){ref-type="sec"}). Differences in these important biological processes determine the tolerance ability of the two *S. purpurea* populations to drought stress.

4.4. The differentially expressed proteins in both *S. purpurea* populations {#sec4.4}
----------------------------------------------------------------------------

In addition to the differentially expressed proteins specific to each *S. purpurea* population, some proteins were up- or down-regulated in both populations during the drought treatment. However, the ranges of change for these proteins were different, which might contribute to the differential drought resistance between the two *S. purpurea* populations. Among the proteins up-regulated in both populations, five proteins related to stress response displayed higher up-regulation in GR plants, including 24.1 kDa heat shock protein, mitochondrial, Heat shock 70 kDa protein cognate 4, Heat shock protein 81-3, Mitogen-activated protein kinase 12, and Universal stress protein A-like protein ([Fig. 8](#fig8){ref-type="fig"}C and [Table 5](#tbl5){ref-type="table"}). Five proteins related to stress response also showed higher up-regulation in NQ plants, including Zinc finger protein ZPR1, Calcium-dependent protein kinase 3, Desiccation-related protein PCC3-06, Heat stress transcription factor A-2d, and Pathogenesis-related protein 1 ([Fig. 8](#fig8){ref-type="fig"}C and [Table 5](#tbl5){ref-type="table"}). These results indicated not only the universal functions of these resistance proteins in *S. purpurea* but also the important roles of some proteins with higher fold changes such as HSPs in the improved drought resistance in *S. purpurea* from GR. Each population had three proteins related to the antioxidant system with higher up-regulation ([Fig. 8](#fig8){ref-type="fig"}C and [Table 5](#tbl5){ref-type="table"}). In addition to these antioxidant enzymes, glutathione S-transferase can also be included in the antioxidant system because it functions in the antioxidant metabolism of glutathione-ascorbate cycles ([@bib10], [@bib47]). The strength of ROS control by antioxidant proteins would directly affect the drought resistance of the two *S. purpurea* populations. Betaine, like proline, is an important osmotic adjustment substance ([@bib29]). A previous study reported that genes related to betaine synthesis were up-regulated with exacerbated drought in *S. purpurea* ([@bib49]), suggesting a role for betaine in response to drought in *S. purpurea*. In the present study, two proteins related to proline synthesis (Proline synthase co-transcribed bacterial homolog protein and Delta-1-pyrroline-5-carboxylate synthase) were up-regulated more in GR plants ([Table 5](#tbl5){ref-type="table"}). A protein related to betaine synthesis (Betaine aldehyde dehydrogenase 1, chloroplastic) was up-regulated more in NQ plants ([Table 5](#tbl5){ref-type="table"}). These results indicate that the osmotic process plays an important role in *S. purpurea* drought response, and increased effectiveness in this process may have strengthened drought resistance in *S. purpurea* from GR. Additionally, an HSP protein (heat shock protein 90) was up-regulated in GR but down-regulated in NQ plants ([Supplementary Table S17](#appsec1){ref-type="sec"}), indicating this protein is closely correlated with the stronger drought resistance in *S. purpurea* from GR.

During the drought treatment, 17 proteins were down-regulated in both *S. purpurea* populations ([Supplementary Table S16](#appsec1){ref-type="sec"}), indicating that these proteins are sensitive to drought stress. Eight proteins were down-regulated more in GR while nine were more highly down-regulated in NQ plants ([Fig. 8](#fig8){ref-type="fig"}D and [Supplementary Table S17](#appsec1){ref-type="sec"}). The results showed that these proteins were differentially affected by drought treatment, but generally, those in *S. purpurea* from NQ were affected more. Different functional proteins showed various changes in the two *S. purpurea* populations, suggesting that response to drought stress in *S. purpurea* is a complex process.

5. Conclusion {#sec5}
=============

In the present study, we found that *S. purpurea* from a more arid region (GR) showed stronger drought resistance than from a more humid region (NQ). To understand the underlying mechanisms of drought resistance, we used iTRAQ quantitative proteomics to analyze the protein expression changes in *S. purpurea* samples that were treated with drought for 7 d and then re-watered for 7 d. The results showed that there were inherently differentially expressed proteins between the two populations, some of which were responsive to drought treatment. During the drought treatment and recovery process, we detected proteins that show differential expression specific to each population, and proteins that are differentially expressed in both populations. According to our analysis, a great many proteins involved in stress response, the antioxidant system, post-translational modification, and osmotic regulation showed specific up-regulation or higher abundance in *S. purpurea* from GR, which may contribute to the stronger drought resistance in this population. These findings improve our understanding of drought-resistance differences among different *S. purpurea* populations. They also may help us to understand the adaptation of *S. purpurea* from different populations to local water conditions.

Author contributions {#sec6}
====================

YPY and YQY conceived and designed the experiments. XL, SHY and YQY collected the seeds. XL, SHY, XY, YQY and XDS performed the experiments. XL, SHY, YJZ and YQY analyzed the data. XL wrote the manuscript. YPY, YQY and XDS revised the manuscript.

Conflict of interest statement {#sec7}
==============================

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Appendix A. Supplementary data {#appsec1}
==============================
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